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While plasmacytoid dendritic cells (pDCs), a natural
type I interferon (IFN)-producing cell type, are re-
garded as critical for innate immunity to viruses, their
role in defense against fungal infections remains
unknown. We examined the interactions of pDCs
with hyphae of the invasive human fungal pathogen
Aspergillus fumigatus. Human pDCs spread over
hyphae and inhibited their growth. Antifungal activity
was retained in pDC lysates, did not require direct
fungal contact, and was partially reversed by zinc.
Incubation with hyphae resulted in pDC cytotoxicity,
partly due to fungal gliotoxin secretion. Following
hyphal stimulation, pDCs released proinflammatory
cytokines via a TLR9-independent mechanism. Pul-
monary challenge of mice with A. fumigatus resulted
in a substantial influx of pDCs into lungs, and pDC-
depleted mice were hypersusceptible to invasive
aspergillosis. These data demonstrate the antifungal
activity of pDCs against A. fumigatus and establish
their nonredundant role in host defenses against
invasive aspergillosis in vivo.
INTRODUCTION
Aspergillus fumigatus has emerged as the most common cause
of invasive mold infections. Mortality rates for persons with inva-
sive aspergillosis are high due to the severely immunocompro-
mised status of most inflicted individuals and the relatively
weak fungicidal activity of the available therapeutic options
(Hohl and Feldmesser, 2007). Exposure to this ubiquitous fungus
is frequent and typically occurs by inhalation of airborne conidia.
In the suitable host, the inhaled conidia swell and germinate into
hyphae, the invasive form of the fungus. Clinical and experi-
mental studies have strongly implicated both innate and adap-
tive immune responses as being critical for protection against
aspergillosis. While neutrophils appear to be of paramount
importance, vital contributions of monocytes, macrophages,
conventional dendritic cells (DCs), and T cells have been demon-Cellstrated (Bozza et al., 2002; Dagenais and Keller, 2009; Hartigan
et al., 2009; Hohl et al., 2009; Park et al., 2010). While conidia
are efficiently ingested by phagocytes, the large size of the
hyphal morphotype generally precludes phagocytosis. How-
ever, phagocytes can spread over the hyphae surface and inhibit
and kill the fungus via oxidative and nonoxidative mechanisms
(Hohl and Feldmesser, 2007; Levitz et al., 1986). Moreover, coin-
cubation of neutrophils and A. fumigatus results in the formation
of neutrophil extracellular traps (NETs) with direct antifungal
activity (Bruns et al., 2010).
Plasmacytoid DCs (pDCs), also known as natural type I inter-
feron (IFN)-producing cells, rapidly produce copious amounts
of type I IFNs upon stimulation with viruses (Colonna et al.,
2004). In humans, pDCs comprise 0.2%–0.8% of the total
peripheral blood mononuclear cells (PBMCs) and express the
endosomal Toll-like receptors (TLRs) 7 and 9, but not any of
the other known TLRs. Upon viral exposure, pDCs initiate
protective antiviral responses by secreting up to 1000-fold
more type I IFNs than other cell types, predominantly via mech-
anisms dependent on sensing viral nucleic acids via TLR7 and
TLR9 (Lande and Gilliet, 2010; Yang et al., 2005). Activated
pDCs link innate to adaptive immunity by secreting cytokines
such as IFN-a and tumor necrosis factor (TNF-a) and by
differentiating into mature pDCs with upregulated MHC and
costimulatory molecules capable of priming naive T cells (Yu
et al., 2010).
pDCs have also been implicated in the pathogenesis of auto-
immune diseases and inmaintenance of the immunosuppressive
environments in neoplasms (Lande and Gilliet, 2010). Recently,
certain bacteria were shown to stimulate pDCs (Ang et al.,
2010). However, whether pDCs play a role in the detection of
and responses to fungal pathogens has not been well studied.
We and others have shown that purified DNA and RNA from
A. fumigatus stimulate pDC cytokine responses (Perruccio
et al., 2004; Ramirez-Ortiz et al., 2008). However, it is uncertain
whether quantities of fungal DNA and RNA released during the
course of a mycotic infection are sufficient to stimulate pDCs.
Therefore, in the present investigation, we sought to determine
whether pDCs sense live A. fumigatus hyphae and, if so, what
are the consequences of the interaction. We found that human
pDCs directly inhibit fungal growth via amechanism that involves
A. fumigatus-induced pDC death and the release of antifungal
mediators. Moreover, following stimulation with A. fumigatusHost & Microbe 9, 415–424, May 19, 2011 ª2011 Elsevier Inc. 415
Figure 1. Antimicrobial Activity of pDCs
against A. fumigatus
(A) pDCs (5 3 104) were incubated with the indi-
cated number of A. fumigatus hyphae for 2 hr.
Antifungal activity of pDCs was then measured by
the XTT assay. Data represent means ± SD from
two donors, each tested in duplicate.
(B) A. fumigatus hyphae were incubated for the
specified times with or without pDCs, and hyphal
length was determined. Data represent means ±
SD from two experiments. For each variable, at
least 75 hyphal measurements were recorded. p <
0.0001, when comparing hyphal lengths in the
presence or absence of pDCs at the 2 and 4 hr
time points.
(C) pDCs (1 3 105) were incubated with
A. fumigatus (1 3 105) at 37C for 2 hr. After fixa-
tion, pDCs were stained with Anti-Human CD123
eFluor 650 (red), and A. fumigatus hyphae were
stained with Uvitex (green). Samples were
analyzed by confocal microscopy. Arrowheads
point to two swollen conidia phagocytosed by a
pDC. Arrows point to a hypha which is covered
by a pDC. The photomicrographs depicted are
representative of three independent experiments
with similar results.
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Interactions of pDCs and A. fumigatushyphae, pDCs release IFN-a and TNF-a via a TLR-independent
mechanism. Finally, we found that pDCs are required for effec-
tive antifungal defenses in vivo, as mice depleted of pDCs are
hypersusceptible to invasive aspergillosis.
RESULTS
Antimicrobial Activity of pDCs against A. fumigatus
Initial experiments focused on determining whether human
blood pDCs had direct antimicrobial activity against the invasive
hyphal morphotypes of A. fumigatus. pDCs were incubated with
A. fumigatus hyphae for 2 hr at 37C. Antifungal activity was
then measured by the XTT assay. We found that pDCs have
potent antifungal activity against A. fumigatus, with nearly 80%
antifungal activity observed at the highest ratio (50:1) of pDCs
to hyphae tested (Figure 1A). Surprisingly, even at a ratio of
1 pDC to 20 hyphae, over 40% antifungal activity was seen. To
confirm the XTT data using an independent assay, we directly
measured the hyphal length of A. fumigatus following 2 and
4 hr incubations with pDCs at a 1:2 pDCs to hyphae ratio (Fig-
ure 1B). Consistent with the XTT data, hyphal growth was signif-
icantly inhibited in the presence of pDCs. Nevertheless, it should
be noted that the hyphae did show modest growth, suggesting
that the pDCs were predominantly fungistatic rather than fungi-
cidal. pDCs did have fungicidal activity against swollen conidia
and, to a lesser extent, resting conidia, as measured by a reduc-
tion in cfus (Figure S1A). Antihyphal activity increased over time
and was greater than or equal to activity seen with other WBC
populations (Figures S1B and S1C).
Confocal Microscopy of pDCs Incubated
with A. fumigatus
pDCs and A. fumigatus were coincubated for 2 hr, fixed, and
observed via confocal microscopy (Figure 1C). Nearly all pDCs
were found to be closely associated with fungi. The pDCs spread416 Cell Host & Microbe 9, 415–424, May 19, 2011 ª2011 Elsevier Inover hyphae too large to be ingested, but were able to phagocy-
tose A. fumigatus swollen conidia.
Effect of A. fumigatus on Viability of pDCs
While observing pDCs by microscopy, we noticed that many of
the pDCs incubated with A. fumigatus did not appear healthy,
as judged by poor adherence and swollen morphology. Thus,
we examined pDCdeath, asmeasured by LDH release, following
a 2 hr incubation with or without A. fumigatus hyphae (Figure 2A).
Remarkably, there was a large increase in death of the pDCs in
the presence of A. fumigatus. Cytotoxicity increased over time
and was not seen following incubation of hyphae with PBMCs
that were depleted of pDCs (Figure S2).
Antifungal Activity of pDC Lysates
The finding that pDCs died following incubation with hyphae
raised the possibility that dying pDCs still had antifungal activity.
Thus, we lysed pDCs and compared the activity of pDC lysates
with that of intact pDCs against A. fumigatus hyphae (Figure 2B).
We found that the lysates and the live pDCs had comparable
antifungal activity.
The Contribution of Zn2+ and Fe3+ Deprivation
to the Antifungal Activity of pDCs
Zinc- and iron-binding proteins, such as calprotectin and
lactoferrin, respectively, are constituents of some phagocytic
populations and can exert broad antifungal activity by chelating
divalent cations essential for fungal growth (Mambula et al.,
2000; Urban et al., 2009). To determine whether nutritional
deprivation of zinc or iron contributes to the antifungal activity
of the pDCs, we examined whether ZnCl2 or FeCl3 supplementa-
tion rescued pDC-mediated growth inhibition of A. fumigatus
hyphae (Figure 2C). These experiments were performed by
direct microscopic measurement of fungal growth, as high ferric
concentrations can interfere with the XTT assay (Knight andc.
Figure 2. A. fumigatus Hyphae Lyse pDCs,
but pDC Lysates Have Antifungal Activity
(A) The indicated number of pDCs was incubated
with or without 3 3 104 A. fumigatus hyphae for
2 hr. Supernatants were then collected, and
cytotoxicity of pDC was assessed by LDH release.
Data represent means ± SD of three donors, each
studied in triplicate. p < 0.0001, when comparing
cytotoxicity with and without hyphae for each
concentration of pDCs.
(B) A. fumigatus hyphae were incubated with live
pDCs or lysates obtained from the indicated
number of pDCs. Antifungal activity wasmeasured
by the XTT assay. Data represent means ± SD of
three donors, each studied in triplicate. No sig-
nificant differences were observed comparing
pDC lysates with live pDCs at any of the cell
concentrations studied.
(C) A. fumigatus hyphae were incubated with or
without pDCs (53 104) in the presence or absence
of 10 mM ZnCl2 or 10 mM FeCl3. At the specified
times, hyphal length was measured as described
in Experimental Procedures. Solid lines represent
A. fumigatus alone, whereas dotted lines repre-
sent A. fumigatus incubated with pDCs. Data
represent means ± SD of two individual experi-
ments. p < 0.001, comparing fungal growth in the
presence or absence of pDCs.
(D) pDCs were hypotonically lysed, and 100 mg of
total protein was analyzed by western blot using a
monoclonal antibody against human calprotectin.
Blot is representative of three separate experiments. Lines point to where the indicated molecular size standards (in kDa) ran on the gel.
(E) The antifungal activity of pDC lysates was determined before and after immunodepletion of calprotectin. Data are from three donors, each studied in triplicate.
p < 0.001, comparing lysates with and without immunodepletion.
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Interactions of pDCs and A. fumigatusDancis, 2006). We found that while addition of exogenous FeCl3
had no effect, 10 mM ZnCl2 partially but significantly reversed
pDC-mediated growth inhibition. In contrast, the nonimmune
human cell lines HEK293 and HeLa had no antifungal activity in
the presence or absence of ZnCl2 (data not shown). While the
pDC data suggest a role for calprotectin, the presence of
calprotectin in pDCs has not, to our knowledge, been previously
documented. Therefore, western blots probing for calprotectin
were performed on pDC lysates. A band of the expected size
was found, suggesting that pDCs contain calprotectin (Fig-
ure 2D). Moreover, immunodepletion of calprotectin significantly
reduced the antifungal activity of pDC lysates (Figure 2E).
Effect of Cell Contact on pDC Cytotoxicity
and Antifungal Activity
Given our observations that incubation with A. fumigatus results
in both pDC death and fungal growth inhibition, we next used
Transwells to determine whether contact between the pathogen
and the pDCs was required for these events to transpire. pDC
death occurred regardless of whether the pDCs were in direct
contact with hyphae or not, although cytotoxicity was greater
when contact was allowed (Figure 3A). Similarly, while direct
contact promoted antifungal activity, some antifungal activity
was still observed in the absence of contact (Figure 3B).
Role of Gliotoxin in the Induction of pDC Death
Our findings that pDC death occurs independently of contact
with A. fumigatus suggest that secreted factor(s) are respon-Cellsible for the observed effect. One such candidate is
A. fumigatus gliotoxin, which is known to induce apoptosis in
many cell types (Bok et al., 2006; Stanzani et al., 2005). There-
fore, we incubated pDCswith concentrations of purified gliotoxin
within the range found in patients with invasive aspergillosis
(Lewis et al., 2005; Spikes et al., 2008; Stanzani et al., 2005).
We found that gliotoxin induced pDC death in a dose-dependent
manner (Figure 4A). Next, we sought to determine whether
hyphae-stimulated pDC death was due to gliotoxin secretion.
pDC cytotoxicity was compared following incubation with
hyphae from wild-type, gliotoxin-deficient, and complemented
A. fumigatus strains (see Table S1). Our results suggest that
pDC death is partially mediated by A. fumigatus gliotoxin, as
strains mutated for gliotoxin production induced significantly
less pDC death compared with wild-type or complemented
strains (Figure 4B). Similarly, we observed that the antifungal
activity of pDCs against A. fumigatus strains deficient in gliotoxin
production was reduced compared with wild-type or comple-
mented strains (Figure 4C). In contrast, as expected, the
antifungal activity of pDC lysates was similar against wild-type,
gliotoxin-deficient, and gliotoxin-complemented A. fumigatus
strains (Figure S3).
Mechanism of pDC Death
In order to gain insights into the mechanism of pDC death, we
performed terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assays on pDCs incubated with
A. fumigatus hyphae (Figure 5). We found DNA fragmentationHost & Microbe 9, 415–424, May 19, 2011 ª2011 Elsevier Inc. 417
Figure 3. Influence of Cell Contact on pDC
Cytotoxicity and Antifungal Activity
(A) A. fumigatus hyphae (5 3 104) were grown on
the bottom of wells containing a permeable insert
(Transwell) with a size exclusion limit of 0.4 mm.
pDCs (53 104) were then added either to the top of
the insert (‘‘No Contact’’) or below the insert
(‘‘Contact’’). After a 2 hr incubation, supernatants
were collected, and pDC cytotoxicity was mea-
sured by LDH assay. p < 0.0001, when comparing
pDCs in the presence or absence of A. fumigatus
for both the ‘‘No Contact’’ and ‘‘Contact’’ groups.
(B) As in (A), except antifungal activity was measured by the XTT assay. In addition, the antifungal activity of lysates from 53 104 pDCs was assayed. p < 0.0001,
when comparing any two groups except ‘‘Contact’’ and ‘‘Lysates.’’ For (A) and (B), data represent means ± SD from four donors, each tested in triplicate.
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ure 5A), suggesting that the pDC death demonstrated in Figure 2
is due to apoptosis or pyroptosis. A similar percentage of
TUNEL-positive cells were seen following incubation of pDCs
with gliotoxin. In contrast, only about 10% of unstimulated
pDCs had TUNEL-positive staining.
Cytokine Release by pDCs Stimulated
with A. fumigatus Hyphae
Next, we examined whether the interaction of pDCs with hyphae
could lead to enhanced immune responses due to cytokine
release. pDCs were stimulated with A. fumigatus hyphae for
6 hr, following which concentrations of IFN-a and TNF-a were
determined in the supernatants (Figures 6A and 6B). For
comparison, the ‘‘flowthrough’’ fraction, consisting of the
PBMCs that did not adhere to the CD304-coated magnetic
beads, was also studied. We found that IFN-a and TNF-a were
released from both the pDCs and flow through fractions
following stimulation with A. fumigatus hyphae. Human pDCs
are TLR9+ but TLR4 (Gilliet et al., 2008; Pietras et al., 2006).
Consistent with this observation, the TLR9 ligand CpG potently
stimulated the pDCs, whereas the TLR4 ligand lipopolysaccha-
ride (LPS) failed to stimulate these cells. As expected, LPS
stimulated the flow through fraction (which contains LPS-
responsive monocytes) to release IFN-a and TNF-a. Stimulation
of pDCs with hyphae and CpG was additive compared with
either stimulus alone (Figure S4A).Figure 4. Role of Gliotoxin and Other A. fumigatus Secondary Metabo
(A) pDCs (53 104) were treated with the indicated concentrations of gliotoxin. Afte
was measured by LDH assay. Data represent means ± SD from four donors, eac
(B and C) pDCs (5 3 104) were left unstimulated (‘‘Unstim’’) or incubated for 2 hr
pDC cytotoxicity and antifungal activity were analyzed by LDH and XTT assays, re
donors, each of which was performed in triplicate. p < 0.0001, when comparin
A. fumigatus (‘‘Af293’’).
418 Cell Host & Microbe 9, 415–424, May 19, 2011 ª2011 Elsevier InRole of TLR9 in Hyphal Stimulation of IFN-a by pDCs
We previously demonstrated that purified A. fumigatus DNA
stimulates TLR9-dependent cytokine release. Here, we exam-
ined whether stimulation of IFN-a release by intact A. fumigatus
hyphae was also mediated by TLR9. As endosomal acidification
is essential for TLR9 signaling, we studied the effect of pDC
pretreatment with the endosomal acidification inhibitors chloro-
quine and bafilomycin A1 on IFN-a release stimulated by
A. fumigatus hyphae (Figure 6C). Inhibiting endosomal acidifica-
tion did not affect hyphae-induced IFN-a release by pDCs,
suggesting a TLR9-independent mechanism of stimulation. As
expected, chloroquine and bafilomycin A1 abrogated CpG-stim-
ulated IFN-a release. We also challenged bone-marrow-derived
pDCs from WT and TLR9 knockout mice with A. fumigatus
hyphae and found that IL-12p40 release following stimulation
was TLR9 independent (Figure S4B).
pDCs Play a Nonredundant Role in Host Defenses
against A. fumigatus
To examine the in vivo contribution of pDCs to host defenses
against aspergillosis, mice were treated with either the pDC-
depleting mAb 120G8 or an irrelevant control mAb and then
were challenged with A. fumigatus. We found that mice depleted
of pDCs were dramatically more susceptible to aspergillosis,
regardless of whether the challenge was via the intravenous or
pulmonary route (Figures 7A and 7B). As pDCs are the major
producer of type I IFNs, we next examined the susceptibility oflites in the Induction of pDC Death
r a 2 hr incubation, supernatants were collected and cell-mediated cytotoxicity
h tested in duplicate.
with hyphae (5 3 104) from the indicated strain of A. fumigatus (see Table S1).
spectively. Data represent means ± SD of duplicate experiments from separate
g deletion strains with their complemented counterparts as well as wild-type
c.
Figure 5. Mechanism of pDC Death
(A and B) pDCs (1 3 105) were left unstimulated (‘‘Unstim’’) or stimulated for
2 hr with either A. fumigatus (‘‘Af293,’’ 13 105) hyphae or gliotoxin (20 ng/mL).
Following incubation, samples were fixed and stained for DNA fragmentation
by TUNEL (Alexa Fluor 594) and total DNA (Hoechst 33342). Cells were then
examined by confocal microscopy. TUNEL positivity was determined for at
least 100 pDCs per group (A). Data represent means ± SD of two individual
experiments performed in duplicate; p < 0.01, when comparing unstimulated
withA. fumigatus or gliotoxin. Representative confocal microscopy images are
shown (B).
Figure 6. Cytokine Release by pDCs Stimulated with A. fumigatus
Hyphae
(A and B) PBMCs were separated into pDC positive (pDCs) and negative
(‘‘Flow Through’’) fractions using CD304-coated magnetic beads. The pDCs
and flow through cells (53 104/well) were then left unstimulated (‘‘Unstim’’) or
stimulated for 6 hr with A. fumigatus hyphae (5 3 104), CpG (100 ng/mL), or
LPS (10 ng/mL). Supernatants were analyzed by ELISA for IFN-a (A) and TNF-a
(B). Data represent means ± SD of cytokine concentrations from two donors,
each analyzed in duplicate. p < 0.0001 for cytokine secretion by unstimulated
cells compared with any stimulus, except when compared with LPS-stimu-
lated pDCs.
(C) pDCs (53 104) were pretreated for 60 min with 10 mg/mL chloroquine (Chl)
or 10 mg/mL bafilomycin A1 (BafA) or left untreated prior to 6 hr stimulation
with A. fumigatus hyphae (5 3 104), CpG (100 ng/mL), or LPS (10 ng/mL).
Supernatants were analyzed by ELISA for IFN-a. Data represent means ± SD
of cytokine concentrations from two donors, each analyzed in triplicate.
p < 0.0001, when comparing unstimulated pDCs to pDCs incubated with
A. fumigatus or CpG. IFN-a levels stimulated by A. fumigatus were not
significantly affected by treatment with BafA or Chl.
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Interactions of pDCs and A. fumigatusIFN-a/bR/mice, which do not respond to type I IFNs, to intra-
venous challenge with A. fumigatus. We found the knockout
mice were significantly more susceptible to invasive aspergil-
losis compared with their wild-type counterparts (Figure 7C).
pDCs Are Recruited into the Lungs
of A. fumigatus-Infected Mice
Mice received a pulmonary challenge with A. fumigatus, and
48 hr later the number of pDCs in the lungs was determined.
We observed a greater than 6-fold increase in the number of
pDCs following challenge with A. fumigatus (Figure 7D). In addi-
tion, we confirmed that administration of 120G8 results in
profound depletion of pDCs in the lungs. However, depletion of
pDCs did not have a significant effect on the number of fungal
CFUs in the lungs (Figure S5).
DISCUSSION
Innate responses of phagocytes are thought to be paramount to
host defenses against A. fumigatus. Neutrophils, monocytes,
macrophages, and conventional DC subsets have been shown
to recognize and exert antifungal responses that promote clear-
ance of this opportunistic fungus (Bozza et al., 2002; Dagenais
and Keller, 2009; Hartigan et al., 2009; Hohl et al., 2009; Park
et al., 2010). Here, we show that pDCs inhibit the growth of
A. fumigatus hyphae, produce cytokines capable of activating
and recruiting other immune cells, and are critical to pulmonary
and systemic host defenses against invasive aspergillosis.
Hyphae, the tissue-invasive form of A. fumigatus, rapidly grow
to a size that precludes phagocytosis. However, upon incubation
of pDCs with A. fumigatus, we found that within 2 hr, pDCs had
spread over the hyphal surface. While the repertoire of surface
receptors on pDCs associated with fungal recognition is not
well defined, human pDCs reportedly express dectin-2, but notCelldectin-1, mannose receptor, and DC-SIGN (Graham and Brown,
2009; Meyer-Wentrup et al., 2008). Moreover, human pDCs
express some complement and Fc receptors, although we found
that hyphal recognition did not require opsonization. Future
studies are needed to define the receptor(s) and their cognate
ligand(s) responsible for recognition of A. fumigatus hyphae by
pDCs.
Other cell types, including neutrophils and monocytes, spread
over hyphae and cause damage to A. fumigatus by oxidative andHost & Microbe 9, 415–424, May 19, 2011 ª2011 Elsevier Inc. 419
Figure 7. Contribution of pDCs to Defenses against Invasive
Aspergillosis
(A–C) Mice were infected with A. fumigatus conidia via pulmonary (A) or
intravenous (B and C) challenge and followed 30 days for survival. Mice were
treated with the antibodies 120G8 (‘‘pDC-depleted’’) or GL113 (‘‘Control’’), as
described in Experimental Procedures, but did not receive any other immu-
nosuppression (A and B). Susceptibility of IFN-a/bR/ and wild-type mice to
aspergillosis was compared (C). Data from (A), (B), and (C) represent combined
survival curves of two independent experiments, each with similar results. The
number (‘‘N’’) of mice per group is indicated in the figure inset. p < 0.0001,
when comparing survival of pDC-depleted mice versus control antibody-
treated mice. p < 0.003, when comparing survival of IFN-a/bR/ mice to WT
mice.
(D) Wild-type mice were left untreated (‘‘Control’’) or given 120G8 (‘‘pDC-
depleted’’). Mice then were either left uninfected or were infected via the
pulmonary route withA. fumigatus. After 48 hr, the number of pDCs in the lungs
was determined. Data represent means ± SD of two experiments, each with
3–5 mice per group. p < 0.0001 comparing the total number of pDCs of
uninfected or depleted mice to the total number of pDCs of the untreated/
infected group.
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that assesses metabolic activity and the other that directly
measures hyphal elongation, we demonstrated that human
pDCs have antifungal activity against A. fumigatus. However,
as opposed to the situation with neutrophils and monocytes,
where both growth inhibition and killing of A. fumigatus have
been demonstrated, we only found evidence for growth inhibi-
tion following incubation of hyphae with pDCs. Thus, hyphal
growth proceeded, but at a significantly slower rate, in the
presence of pDCs.
In the absence of activating signals, pDCs reportedly undergo
spontaneous apoptosis (Grouard et al., 1997; Lepelletier et al.,
2010). Interestingly, though, after a 2 hr incubation of pDCs
with A. fumigatus hyphae, over half of the pDCs died. Moreover,
pDC lysates had antifungal activity against A. fumigatus, and
some antifungal activity was retained, even if the pDCs were
separated from the hyphae by a permeable insert. These obser-
vations strongly suggest that diffusible, preformed mediators
were responsible for the antifungal activity. The essential role
of Fe3+ and Zn2+ as fungal growth factors, along with the known
presence of chelators of these cations in other leukocyte popu-
lations (Mambula et al., 2000; Urban et al., 2009), led us to420 Cell Host & Microbe 9, 415–424, May 19, 2011 ª2011 Elsevier Inexamine whether supplemental Fe3+ or Zn2+ would reverse the
pDC-mediated growth inhibition. The observation that ZnCl2
(but not FeCl3) partially restored fungal growth suggests a role
for the Zn2+-binding protein calprotectin (Urban et al., 2009).
Neutrophils contain large amounts of cytoplasmic calprotectin.
Free and NET-associated calprotectin, released from dying
neutrophils, inhibit the growth of C. albicans and A. fumigatus
by chelating zinc (Bruns et al., 2010; Lulloff et al., 2004). Although
it is unknown whether a process similar to NETosis occurs with
pDCs, we do demonstrate that human pDCs contain calprotec-
tin and that immunodepletion of calprotectin reduces the anti-
fungal activity of cell lysates. It is important to emphasize that
Zn2+ supplementation only partially restored hyphal growth, sug-
gesting that the antifungal activity of pDCs is probably mediated
by more than one pathway.
Two lines of evidence strongly suggest that the high rate of
pDC cytotoxicity following incubation with A. fumigatus hyphae
is at least partially due to secreted factors released by the fungi.
First, pDC cytotoxicity was observed (albeit at a lower level)
when the pDCs and hyphae were separated by a Transwell.
Second, pDC cytotoxicity was significantly (albeit not com-
pletely) reduced following incubation with hyphae from
A. fumigatus strains genetically engineered to be deficient in
gliotoxin production. Moreover, purified gliotoxin, at concentra-
tions found in the lungs of patients with invasive pulmonary
aspergillosis (Lewis et al., 2005; Stanzani et al., 2005), killed
pDCs in a dose-dependent manner.
Gliotoxin is a low-molecular-weight mycotoxin secreted by
many fungal species, including A. fumigatus (Bok et al., 2006;
Kupfahl et al., 2008; Sutton et al., 1994). Induction of apoptosis
by gliotoxin has been described in many cell types, including
PMNs and monocytes (Stanzani et al., 2005). To dissect the
mechanism of pDC death induced by A. fumigatus hyphae, we
performed a TUNEL assay. The majority of pDCs incubated
with hyphae or purified gliotoxin were TUNEL positive, suggest-
ing that the pDCs are dying by apoptosis. However, recent
studies have shown that cells undergoing pyroptosis may also
exhibit degradation of DNA and a positive TUNEL reaction
(Fink et al., 2008). The finding that pDCs release cytokines
when stimulated with hyphae points to their undergoing an
inflammatory (rather than an apoptotic) cell death, although it
is possible that the fraction of pDCs that remain viable is respon-
sible for the cytokine secretion. Finally, while early apoptotic
cells normally preserve their cell membrane integrity, apoptosis
can progress to secondary necrosis and membrane leakage
(Challa and Chan, 2010), which, we speculate, contributes to
the antifungal activity of the dying pDCs.
pDCs secrete large amounts of type I IFN in response to viral
infections and certain DNA and RNA sequences (Cao and Liu,
2007; Pietras et al., 2006), but their role during fungal infections
has received little study. While Romani et al. did not find IFN-a
secretion by pDCs stimulated by A. fumigatus resting conidia
(Romani et al., 2004), we found that the tissue-invasive hyphal
morphotype stimulates pDCs to release IFN-a. Furthermore,
induction of type I IFN appears to be independent of TLR7 and
TLR9, as inhibition of endosomal acidification had no effect on
hyphae-stimulated IFN-a production. Thismay not be surprising,
given that hyphae are extracellular and TLR7 and TLR9 are
endosomally localized, although the possibility that hyphalc.
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Interactions of pDCs and A. fumigatuscomponents could eventually end up in lysosomal compart-
ments cannot be excluded. An in vivo role for type I IFNs in
invasive aspergillosis was suggested by our finding that,
compared to wild-type mice, IFN-a/bR/mice had accelerated
mortality after intravenous challenge with A. fumigatus. Similarly,
IFN-a/bR/ mice were hypersusceptible to Cryptococcus
neoformans and failed to develop protective Th1 cytokine
responses (Biondo et al., 2008). Recombinant human IFN-a2a
and IFN-a2b did not have direct antifungal activity in vitro (data
not shown).
Remarkably, mice treated with the pDC-depleting antibody
120G8 were dramatically more susceptible to both pulmonary
and systemic challengewithA. fumigatus than their control coun-
terparts, suggesting that pDCs are critical for defenses against
the mold. In addition, following pulmonary infection of wild-type
mice with A. fumigatus, a substantial recruitment of pDCs to
the lungs was observed. These recruited cells could have anti-
fungal activity, present antigen to T cells, and secrete cytokines.
While the studies with IFN-a/bR/ implicate a contribution of
pDC-derived type I IFNs, further studies are required to deter-
mine the exact mechanisms by which pDCs mediate protection.
Finally, it should be noted that, although widely used to deplete
pDCs, the antigen recognized by 120G8 is present, albeit at
a reduced density, on plasma cells and may be induced by
IFNs (Asselin-Paturel et al., 2003; Blasius et al., 2006).
Therefore, our data demonstrate that pDCs play a nonredun-
dant role in host defenses against invasive aspergillosis. The
host-pathogen interaction between pDCs and A. fumigatus has
unusual, yet seemingly paradoxical, features. The significant
antifungal activity of pDCs against A. fumigatus hyphae appears
to be dependent, at least in part, on dying pDCs releasing anti-
fungal effector molecules, such as zinc chelators. This process
is enhanced by fungal release of cytotoxic molecules, including
gliotoxin, which induce apoptosis or pyroptosis of the pDCs.
Release of cytokines by fungus-stimulated pDCs may serve to
recruit and activate other immune cells, thereby boosting innate
responses and helping to initiate adaptive immunity. We postu-
late that pDCs also make critical contributions to defenses
against other fungal infections and that immunotherapies that
target pDC could prove beneficial in the treatment of invasive
mycoses.
EXPERIMENTAL PROCEDURES
Reagents and Cell Culture
Reagents were from Sigma-Aldrich unless otherwise stated. DMEM and RPMI
1640 without phenol red were obtained from GIBCO (Invitrogen). pDC media
consisted of RPMI 1640 without phenol red supplemented with 100 U/ml
penicillin, 100 U/ml streptomycin, 2 mM L-glutamine, 0.5 mM HEPES, 1 mM
sodium pyruvate, and 10% autologous serum. CpG 2007 oligonucleotide
was synthesized with phosphorothioate linkages by Integrated DNA Technol-
ogies. Ultrapure Escherichia coli LPS was purified as described (Huang et al.,
2009). All antibodies were from eBioscience, unless otherwise specified.
Monoclonal antibody against human calprotectin was obtained from Santa
Cruz Biotechnology.
A. fumigatus Strains and Culture
Wild-typeA. fumigatus strain 293wasobtained from theFungal Genetics Stock
Center. DGliZ, GliZ Comp, DLaeA, and LaeA Comp (Bok et al., 2005; Bok and
Keller, 2004; Bouhired et al., 2007; Hohl et al., 2005) were generous gifts of
Nancy Keller (University of Wisconsin, Madison, WI). These genetically manip-Cellulated strainswere on the 293 background (see Table S1). Therewere nodiffer-
ences in growth rates among the different strains, as determined using the XTT
assay (data not shown). Except as noted, strain 293 was used in the studies.
Cultivation of A. fumigatus, harvest of conidia, and growth of conidia into
swollen conidia and hyphae were performed as in our previous studies with
slight modifications (Mambula et al., 2002). Briefly, fungi were grown on
Sabouraud Dextrose Agar slants, and conidia were harvested with PBS con-
taining 0.05% Tween 20. The conidia were then vortexed, filtered through
a 40 mm nylon mesh, washed, counted, and stored in water at 4C for up to
1 week. To generate hyphae, conidia were incubated at 21C for 16 hr in
pDC medium to swell the conidia and then incubated for an additional 3 hr
at 37C to promote germination.
Isolation of Human pDCs and Autologous Sera
Human pDCs were isolated as described (Ramirez-Ortiz et al., 2008; Wang
et al., 2006). Peripheral blood was collected by venipuncture. A portion was
clotted, and the autologous serum was collected following centrifugation.
The remainder of the blood was anticoagulated with heparin, and the PBMCs
were purified by Ficoll-Hypaque density gradient centrifugation. Human pDCs
were positively selected from the PBMCs, using CD304-coated magnetic
beads (Miltenyi). For some experiments, the negatively selected ‘‘flow
through’’ cells, consisting of PBMCs depleted of CD304+ cells, were collected,
too. pDC lysates were generated by hypotonic lysis in sterile, distilled water at
37C for 30 min. Lysis was verified by microscopy. Lysates were immunode-
pleted of calprotectin by two rounds of sequential incubation with anti-calpro-
tectin antibody and agarose beads coated with Proteins A and G, according to
the supplied protocol (Santa Cruz Biotechnology). The high purity of the pDC
population was confirmed by analyzing the expression of the pDC markers
CD123 and CD303, using flow cytometry (Colonna et al., 2004).
XTT Assay
XTT assay was performed as described (Meshulam et al., 1995). Briefly,
A. fumigatus conidia were plated in 96-well, half-area plates and grown in
pDC media to hyphae of 10–20 mm average length. The hyphae were pre-
opsonized by incubation in 10% autologous serum for 30 min followed by
washing. Experiments comparing preopsonized and unopsonized hyphae
yielded similar results (data not shown). pDCs were then added to the hyphae
in a final volume of 100 ml pDCmedia. For some experiments, where indicated,
pDC lysates were added in lieu of live pDCs, or the experiments were con-
ducted in Transwell chambers rather than half-area wells. Following a 2 hr
incubation, the pDCswere subjected to hypotonic lysis by three gentle washes
and a 20 min incubation with sterile, distilled water. Supernatants then were
removed, with care taken not to remove the hyphae. pDC media without
serum, containing 400 mg/ml of XTT and 50 mg/ml of CoenzymeQ, were added,
and the wells were incubated for 2 hr at 37C. The OD450 and OD650 were then
measured, and data were expressed as the percent of antifungal activity









ODAf + pDCs is OD450  OD650 of wells containing A. fumigatus hyphae with
pDCs.ODpDCs isOD450OD650ofwells containingpDCs.ODAf isOD450OD650
of wells containingA. fumigatus hyphae alone.ODBlank is OD450OD650 of wells
containing media alone.
Hyphae Growth Inhibition Assay
A. fumigatus hyphae were incubated in pDC media at 37C in 8-well coverslip
chambers (Nunc) with or without pDCs. Where indicated, pDC media were
supplemented with 10 mM ZnCl2 or 10 mM FeCl3. At the specified times,
pDCs were lysed with water, and hyphae were fixed with 2% paraformalde-
hyde. Hyphal length was then measured by microscopy (Nikon Eclipse
TE200), using software (SOFTMax PRO 4.3.1 from Molecular Devices; SPOT
Imaging Solutions) equipped with a curved and calibrated cursor. At least
ten visual fields containingR75 hyphae were scored per group.
Cytotoxicity Assay
pDCs were incubated with or without preopsonized A. fumigatus or gliotoxin
for 2 hr in 150 ml pDC media. Following centrifugation, supernatants wereHost & Microbe 9, 415–424, May 19, 2011 ª2011 Elsevier Inc. 421
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Maximum LDH released was determined by lysis with Triton X-100. All
samples were measured in triplicate.
Confocal Microscopy
Preopsonized A. fumigatus hyphae in 35 mm tissue-culture slide dishes (Mat-
Tek Corporation) were incubated with pDCs in pDCmedia for 2 hr at 37C. Cell
surface staining was then performed by incubating with the pDC-specific anti-
body CD123 eFluor 650 (eBioscience) for 30 min at 0C. Following three
washes with PBS supplemented with 2% FBS, fungal cell walls were stained
with the chitin-specific fluorescent dye 1% Uvitex 2B (Polysciences), by incu-
bation for 20 min at 0C. Samples were fixed with 2% buffered paraformalde-
hyde and were visualized using a confocal microscope (Leica SP2 AOBS)
equipped with a 633 plan apochromatic objective (Zeiss).
Transwell Assay
A. fumigatus conidia (53 105 in 100 ml) were added to the surface of Transwell
96-well plates containing 0.4 mm pore size polycarbonate membrane inserts
(Corning Life Sciences) and germinated to hyphae, as described above.
pDCs (53 105 in 100 ml) were then added either below (allowing direct contact
with hyphae) or above (allowing no contact with hyphae) the insert. After 2 hr
incubation, pDC cytotoxicity and antifungal activity were assayed, as
described above.
TUNEL Assay
TUNEL assay was performed, following the manufacturer’s instructions
(Molecular Probes). Briefly, pDCs and A. fumigatus hyphae were incubated
for 2 hr at 37C in tissue-culture chamber slides and then fixed with 2%
paraformaldehyde. pDCs were stained for the surface marker CD123
(CD123-eFluor 650), washed, permeabilized, and stained for fragmented
DNA by the Click-iT Reaction (Alexa Fluor 594). After additional washes, total
cellular DNA was stained using Hoechst 33342. Samples were visualized by
confocal microscopy, as described above.
Cytokine Secretion
The indicated concentrations of pDCs or flow through cells were incubated
with A. fumigatus hyphae in 96-well, flat-bottom plates containing a final
volume of 200 ml pDC media supplemented with 10% autologous serum.
IFN-a and TNF-a levels in supernatants were measured by ELISA (Bender
MedSystems, Burlingame, CA for human IFN-a; eBiosciences for human
TNF-a; and BD Biosciences for murine IL-12p40).
For the inhibition experiments, pDCswere left untreated or incubated for 1 hr
with either 10 mg/ml bafilomycin A1 or 10 mg/ml chloroquine. pDCs were then
incubated for 6 hr with preopsonized A. fumigatus hyphae, CpG, or LPS in
a final volume of 200 ml pDCmedia without serum. Samples were then assayed
for IFN-a by ELISA.
Murine Models of Invasive Aspergillosis
Wild-type C57BL/6J mice were from Jackson Laboratory. IFN-a/bR/ (also
known as IFNARI/ and IFN-IR/) mice, which lack the receptor needed to
signal in response to type I IFNs, were from Jon Sprent (The Scripps Research
Institute) and backcrossed to the C57BL/6J background for 14 generations
(Kolumam et al., 2005). Mice were 6–8 weeks old at the start of the experi-
ments, and groups were matched for sex and age. Mice were maintained
under microisolation conditions at the University of Massachusetts Medical
School under a protocol approved by the Institutional Animal Care and Use
Committee.
A. fumigatus conidia were suspended in PBS supplemented with 0.01%
Tween 20. Pulmonary infection was achieved by anesthetizing mice with iso-
flurane followed by the oro-tracheal instillation of a total of 5 3 107 conidia
administered in two doses of 50 ml each. For intravenous infections, mice
received a tail-vein injection of 100 ml of 1 3 106 A. fumigatus conidia (Belloc-
chio et al., 2004; Werner et al., 2009). For survival studies, infected mice were
monitored at least daily for 30 days. Moribund mice were euthanized.
pDC Influx and CFU Assays
Mice were infected orotracheally and euthanized 48 hr postinfection, and their
pulmonary arteries were perfused with PBS. Lungs were then harvested,422 Cell Host & Microbe 9, 415–424, May 19, 2011 ª2011 Elsevier Inminced, and incubated with 1 mg/ml of collagenase type IV and 75 mg/ml
bovine pancreatic DNase supplemented with 5% FBS in PBS for 1 hr at
37C (Wozniak et al., 2006). Following digestion, cells were passed through
a 70 mm filter, counted, and stained for flow cytometry using fluorescently
labeled antibodies (eBioscience) against PDCA-1, CD11c, CD45, and F4/80
(Ang et al., 2010). Labels used were APC, FITC, PE, and Percp-Cy5.5, respec-
tively. Isotype controls were included in each experiment. Samples were
analyzed using BD LSR II (Becton Dickinson), and data were analyzed using
FlowJo 7.6 version for PC (Tree Star, Inc.). pDCs were defined as CD45+,
F4/80, CD11cInt, PDCA-1+ cells. The number of pDCs per lung was calcu-
lated by multiplying total number of cells per lung by percentage of pDCs.
pDC Depletion
pDC depletion in mice was achieved by intraperitoneal injection of 120G8,
a monoclonal rat anti-mouse IgG that depletes pDCs (Asselin-Paturel et al.,
2003). Mice were injected with 250 mg of 120G8 1 day before infection and
then given additional doses of 150 mg every other day for 14 days starting
on the day of infection. Control mice received equivalent doses of GL113,
a monoclonal rat IgG directed against E. coli b-galactosidase.
Statistical Analysis
For comparisons of two groups, means ± SD were analyzed by the two-tailed,
unpaired Student’s t test with the Bonferroni correction applied when making
multiple comparisons. For comparisons of greater than two groups, sig-
nificance was determined using the one- or two-way analysis of variance
(ANOVA) with the Tukey multiple correction. Kaplan-Meier survival curves
were compared with the log rank test. Calculations were performed using
a statistical software package (GraphPad Prism 4.02).
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